Arapid, isocratic method for the separation of 6 ephedrine-type alkaloids which may occur in dietary supplements was modified to permit quantitation and confirmation by liquid chromatography/mass spectrometry using atmospheric pressure chemical ionization. Several columns and sets of conditions were examined for suitability and the results compared. The use of ion-pairing reagents to enhance resolution is also reported. Mass spectrometric conditions were adjusted to provide sufficient fragmentation for qualitative identification of the analytes. Stable-isotope labeled ephedrine was used as an internal standard for quantitation.
M
any dietary supplements sold in the United States are labeled as containing a source of ephedrine-type alkaloids. Botanical sources of these alkaloids include Ma Huang, a traditional Chinese medicine derived from the aerial parts of Ephedra sinica Stapf, E. equisetina Bunge, and others of the family Ephedraceae, as well as E. gerardiana Wall., used primarily in India (1) . Ephedrine-type alkaloids occurring naturally in these botanicals are a mixture of 3 diastereoisomeric pairs of compounds, as shown in Figure 1 . Due to the presence of 2 chiral centers, each of these 6 compounds has an enantiomer which does not occur naturally, but which can be found in some synthetic sources of these alkaloids.
Botanical sources of ephedrine-type alkaloids have been traditionally used to relieve the constriction associated with asthma (1, 2) . Dietary supplements containing ephedrine-type alkaloids are marketed as stimulants and weight-loss aids (3) . These dietary supplement products have been implicated in over 1100 adverse incidents, including several deaths (4, 5) .
Due to the frequency and severity of the adverse incidents reported, the U.S. Food and Drug Administration has proposed regulations to mitigate these adverse effects, including limiting the per dose amount of ephedrine alkaloids in these supplements (6) . Although this recommendation has since been withdrawn pending further study (5) , interest in ephedrine-type alkaloids remains high.
Increased interest by industry, consumers, and regulatory agencies in these alkaloids has led to the development of many methods for their analysis. In situations in which it is necessary to resolve the enantiomeric pairs, capillary gas chromatography using a chiral liquid phase (3) can be used to separate the underivatized alkaloids. Alternatively, chiral derivatives of the alkaloids can be separated using a conventional, symmetrical liquid phase such as polyphenylmethylsiloxane (7) . Isocratic liquid chromatographic (LC) methods with UV detection have been used by several groups to analyze ephedrine-type alkaloids in a variety of products including chewing gum (8) , traditional Asian medicines (9) and herbal products (10, 11) . These investigators used nonvolatile ion-pairing reagents and buffers to overcome the limitations imposed by isocratic methods. These methods work well for most sample matrixes; however, difficulties have been observed occasionally with high protein matrixes or products containing chocolate. In addition, analytical methods are required which not only quantitate the amounts of the various alkaloids, but also provide unambiguous identification of them. This led us to modify the LC method (and extraction method) developed by Hurlburt (10) to allow detection by mass spectrometry (MS). In particular, it was necessary to eliminate nonvolatile buffers and ion-pairing reagents without destroying chromatographic resolution. Use of a mass spectrometer as detector has the added advantage of permitting use of a stable-isotope labeled internal standard. Inclusion of this internal surrogate standard provides a demonstration of the efficacy of extraction with each sample run and provides appropriate correction when extraction is less than 100%.
In the course of developing a method using MS as a detector, several parameters were varied. A variety of commercially available columns were examined, the effect of changing the mobile phase composition was explored, and the ability of various volatile ion pairing reagents to enhance resolution was examined, with the goal of obtaining baseline resolution of all analytes while minimizing analysis time.
Experimental
Apparatus and Reagents 
Preparation of Solutions
(a) Mobile phase (MP).-Contained varying amounts of ammonia or ammonium acetate, acetonitrile, and ion-pairing reagent. In a typical procedure, a mobile phase containing 50mM ammonium acetate, 3.0% acetonitrile, and 2% glacial acetic acid was prepared by adding water (100 mL) to a 500 mL volumetric flask. Acetonitrile (15 mL), acetic acid (10 mL), and ammonium acetate (98%, 1.9 g) were added with mixing and the volume was adjusted to 500 mL with water. (A mobile phase composed of 3% acetonitrile, 2% acetic acid, and 50mM ammonium acetate was found to produce the best results and was used for further study.) (b) Dilute mobile phase (DMP).-Prepared by diluting MP 1:20 with water.
(c) Elution buffer (EB).-30% acetonitrile, 150mM ammonium acetate, and 0.5% acetic acid. Prepared by adding water (50 mL), ammonium acetate (1.2 g), acetonitrile (30 mL), and acetic acid (0.5 mL) to a 100 mL volumetric flask. The solution was thoroughly mixed and the volume was adjusted to 100 mL with water.
(d) Sample extraction solvent.-80% methanol in water was prepared by adding water (20 mL) to a 100 mL volumetric flask and adjusting the volume to 100 mL with methanol.
(e) Stock standard solution (SSS).-Approximately 10 mg norephedrine (NE), norpseudoephedrine (NPE) HCl, ephedrine (E), pseudoephedrine (PE), methylephedrine (ME), and methylpseudoephedrine (MPE) were weighed individually to the nearest 0.1 mg into a single 10.0 mL volumetric flask. Flask and contents were tared after each compound was added. The volume was adjusted to 10 mL with elution buffer.
(f) Internal standard solution (IS).-Ephedrine-d 5 HCl (ca 10.0 mg) was accurately weighed into a 10.0 mL volumetric flask. It was dissolved in 80% methanol and adjusted to volume with 80% methanol.
(g) HPLC calibration standards.-To each of 5 vials was added 50 µL (50 µg) internal standard. Standards were then made up as follows: Level 1: 0.005 mL SSS and 0.945 mL EB; Level 2: 0.010 mL SSS and 0.940 mL EB; Level 3: 0.050 mL SSS and 0.900 mL EB; Level 4: 0.100 mL SSS and 0.850 mL EB; and Level 5: 0.250 mL SSS and 0.700 mL EB. The 5 µL volume was delivered using a 10 µL syringe (Hamilton Co., Reno, NV). Other volumes were delivered using calibrated, precision, variable-volume pipettors. Calibration curves for each compound were constructed by plotting the amount (µg/mL) vs the relative area (area of analyte/area of internal standard). A correlation coefficient (R) of at least 0.995 was obtained for each compound. The calibration standards are further described in Table 1 .
Preparation of Sample Extract
Composites of 2 dietary supplement (DS) products (DS#1 and DS#2), which were labeled as containing Ma Huang, were prepared as follows: The contents of gel capsules contained in 10 bottles (1000 capsules of DS#1 and 1800 capsules of DS#2) were emptied into large plastic bottles. The bottles were then vigorously shaken for several minutes to homogenize the sample. The amount of sample taken as a test portion was adjusted based on the amount of ephedrine-type alkaloids declared on the label. Because the label information for the dietary supplement products formulated in gel capsules indicated there was 10-20 mg ephedrine-type alkaloids/g product, a sample size of 100 mg was used for these products. A dietary supplement high-protein, chocolate-flavored drink, formulated as a powder, was analyzed directly, without further homogenization. Based on information on the label, which declared 0.3 mg ephedrine-type alkaloids/g product, a 1 g test portion size was used. An appropriate amount of homogenized product was accurately weighed into a 50 mL polypropylene centrifuge tube with a screw cap. Internal standard working solution (0.400 mL) and sample extraction solvent (19.6 mL) were added to the samples. The capped tubes were sonicated at room temperature for 20 min and centrifuged at 3000 rpm for 20 min. The supernatant was decanted into labeled scintillation vials. SPE.-Propylsulfonic acid (PRS) columns were prepared for use by washing with successive 2.0 mL quantities of methanol, water, and dilute mobile phase. Sample extract (10 mL) was pipetted onto the column and allowed to drain through. The column was then washed with 2 aliquots (3.0 mL) of DMP and dried by evacuating the reservoir of the apparatus for 5 min. The effluent was then discarded and the columns were wetted with 2.0 mL methanol, which was allowed to drain through them. Collection tubes were then placed in the manifold rack and the target compounds were eluted from the SPE tubes with elution buffer (4.0 mL). This eluate was then analyzed.
Ion-pairing reagents.-The ability of volatile ion-pairing reagents such as heptafluorobutyric acid (HFBA), trifluoroacetic acid (TFA), and acetic acid (HOAc) to improve peak shape and resolution was examined by varying the amount of the reagent and the percent acetonitrile in the mobile phase. It was necessary to vary these 2 parameters because the ion-pairing reagent effects both the peak shape and the retention time. Varying amounts of ammonia were also added in an attempt to improve chromatography. The mobile phases investigated are given in Table 2 .
HPLC column selection.-Each column described earlier was investigated by varying the percentage of acetonitrile in the mobile phase while holding other variables constant. For columns with an internal diameter of 2 mm, the flow rate was 0.230 mL/min. For columns with an internal diameter of 4.6 mm, the flow rate was 1.3 mL/min. Mobile phase compositions investigated are given in Table 3 .
HPLC optimized conditions.-The column selected was a YMC Inc. phenyl column (2.0 × 250 mm) packed with 5 mm particles and held at 40°C. The mobile phase consisted of 3% acetonitrile, 50mM ammonium acetate, and 2% acetic acid in water. The flow rate was 0.230 mL/min. An injection volume of 5 µL was used.
MS conditions.-Positive ion atmospheric pressure chemical ionization spectra were obtained scanning the mass range of 85-250 amu at 1 scan/s. Source conditions were: capillary temperature, 150°C; discharge current, 5 µA; and vaporizer temperature, 350°C. A minimal flow (the flowmeter read 5 on a scale of 100) of auxiliary gas was used. The tube lens voltage was optimized at 120V to obtain sufficient fragmentation to provide unambiguous identification of the target compounds. The decision to use tube lens voltage to produce in-source fragmentation was dictated by the need for a method which could be used with the single-stage mass spectrometers commonly found in regulatory laboratories. The base peak for each compound was used for quantitation. Confirmation was obtained when the relative abundances of 3 ions in the analyte spectrum agreed within an absolute ±10% with the relative abundances observed for the standards (12) . That is, if the observed value for the standard is 20%, the value for the analyte must be 10-30%. Because the peak shapes varied throughout the chromatographic run, becoming wider at longer retention times, all mass peaks were manually integrated. Relative abundances used for confirmation were based on the integrated areas. The major peaks and their relative abundances observed for each analyte are given in Table 4 . These peaks result from protonation of the parent species followed by successive losses of water and ammonia. Relative abundances are sensitive to the auxiliary gas flow. Because it is difficult to precisely reproduce this gas flow, relative abundances must be redetermined each time the instrument is set up. For a given set of experimental conditions, excellent precision was observed for the relative abundances. Typically, the relative standard deviation (RSD) was <10%. 
Calculations
For each analyte, the slope and y-intercept of the calibration curve was determined. For each analyte in each analysis, the relative area (area of analyte/area of internal standard) was determined. The amount of analyte (µg/mL) was then obtained by multiplying the relative area by the slope of the curve and adding the y-intercept. The amount was then converted to mg, multiplied by the dilution factor (8) and divided by the amount of the test portion (g) to yield the amount in mg/g.
Results and Discussion

Ion-Pairing Reagents
Three ion-pairing reagents were tried: HFBA, TFA, and HOAc. The effect of these reagents on chromatographic resolution is shown in Figure 2 . For each reagent, the best conditions achieved are shown. As shown in Figure 2A , addition of HFBA to the mobile phase resulted in symmetrical peak shapes and in partial resolution of the deuterated internal standard from the native ephedrine, but separation of methylephedrine and methylpseudoephedrine isomers was lost. Attempts to improve the separation by varying the amount of HFBA (25 and 50mM) and acetonitrile and adding ammonia (50mM) changed the analysis time, but did not substantially improve the resolution of the methylated alkaloids. Addition of TFA ( Figure 2B ) provided baseline resolution and good peak shape, but also appeared to suppress ionization, as indicated by the decreased signal-to-noise ratio evident in the chromatogram. Combinations of 50 or 100mM TFA, 6 and 9.6% acetonitrile, and 25 and 50mM ammonia were examined. Although acetic acid is not generally regarded as an ion-pair reagent, a concentration of 2% produced the improved peak shape and resolution, as shown in Figure 2C . This improved resolution and peak shape was not noted at 0.5%, but became apparent at 2%. Figure 3 shows chromatograms obtained with columns which have a range of carbon loadings. The amount of acetonitrile in the mobile phase was adjusted to provide the optimal resolution for each column. With a 17% carbon loading, good separations of norephedrine from norpseudoephedrine and of ephedrine from pseudoephedrine are obtained; however, methylephedrine is not resolved from methylpseudoephedrine. Separation of methylephedrine from methylpseudoephedrine is easily achieved using a column with a low (3%) carbon loading; however, it was difficult to separate norephedrine from norpseudoephedrine. Conditions which partially separated these compounds resulted in severe tailing of methylpseudoephedrine. Only intermediate (10%) carbon loadings separated all the analytes while minimizing total analysis time. Three different columns with 10% carbon loading were tried; all were satisfactory.
Effect of Carbon Loading
Recoveries
Dietary supplements labeled as containing botanical sources of ephedrine-type alkaloids can be formulated as capsules, tablets, liquids, powdered mixtures to be reconstituted, etc. Although the raw botanical can be used in these products, concentrated extracts are often used. To test the method, 2 different surrogate matrixes were each spiked at 2 levels. Based on their resemblance to the composition products, cocoa mix and black tea were used as surrogates for the chocolate-flavored high protein energy drink and dietary supplements which were analyzed. The cocoa mix and high-protein energy drink both had as major ingredients cocoa, milk solids, and sugar. Black tea and the dietary supplements originally formulated as capsules were both dried vegetable matter. Cocoa mix (1.0 g) or black tea (0.1 g) was wetted with extraction solvent and a solution containing 80 or 400 µg of each alkaloid was then added. The results are shown in Table 5 . The recoveries are the average of 3 determinations at each level for each matrix. RSDs are also shown. Blanks were prepared by extracting surrogate matrix which had not been spiked. No interfering peaks were observed. In addition to examining the recoveries obtained from the surrogate matrixes, the high-energy drink product was used as a test matrix for determining recoveries of norephedrine, norpseudoephedrine, methylephedrine, and methylpseudoephedrine in the presence of naturally incurred ephedrine and pseudoephedrine. This matrix contained only ephedrine and pseudoephedrine, and, thus, it was a suitable test matrix for the other 4 alkaloids. Recoveries were determined after spiking 1 g test matrix with 400 µg each of norephedrine, norpseudoephedrine, methylephedrine, and methylephedrine. Ephedrine and pseudoephedrine were omitted because the amounts present in the product would make it difficult to determine the recovery. These results are shown in Table 6 . To further test the method, 3 actual products were examined: 2 dietary supplement formulations in soft gel capsules and a high energy protein drink formulated as a powder. Each was run in triplicate. Representative chromatograms (total ion current) are shown in Figure 4 and analytical findings are summarized in Table 7 .
Method Performance
Recoveries were in most cases >90% for all analytes in all matrixes. The exception was norpseudoephedrine in cocoa, for which recoveries of 70% (low spike) and 78% (high spike) were obtained. Excellent precision was also found, as shown in Tables 5 and 6 . For all analytes in all matrixes, the RSD was 8% or less. For all analytes, the method was linear over the entire range. Correlation coefficients of 0.995 or greater were obtained.
Conclusions
We have demonstrated an LC/MS method substituting volatile buffers and ion-pairing reagents which provides separation of ephedrine-type alkaloids adequate for both qualitative confirmation and quantitative analysis. Phenyl columns using moderate carbon yield excellent chromatography. Good recoveries were observed with no interfering coextractives. Problems associated with high protein formulations were not observed with this method. Analysis of actual products revealed no interferences and resulted in good recoveries (>95%).
